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ABSTRACT 
 
Engine Performance and Exhaust Emissions from a Diesel Engine Using  
Cottonseed Oil Biodiesel.  (December 2007) 
Jacob Joseph Powell, B.S., Texas A&M University 
Co-Chairs of Advisory Committee: Dr. Sergio Capareda   
                                                            Dr. Calvin Parnell, Jr 
 
Non-road diesel engines are significant contributors to air pollution in the United States.  
Recent regulations put forth by EPA and other environmental agencies have laid out 
stringent guidelines for engine manufacturers and fuel producers.    Recent increases in 
oil prices and foreign energy dependency has led to a push to produce renewable fuels, 
which will supplement current reserves.   Biodiesel is a clean-burning renewable fuel, 
that can be blended with petroleum diesel.  It is important to understand the effect on 
engine performance and exhaust emissions when using biodiesel from different 
feedstocks.  The objective of this research was to determine the relationship between 
engine performance and emissions and cottonseed oil biodiesel used in a diesel engine 
rated for 14.2 kW.   
 
When using cottonseed oil biodiesel blends, CO, hydrocarbon, NOx, and SO2 emissions 
decreased as compared to petroleum diesel.  Carbon dioxide emissions had no definitive 
trend in relation to cottonseed oil biodiesel blends. Carbon monoxide emissions 
increased by an average 15% using B5 and by an average of 19% using B100.  
 iv 
Hydrocarbon emissions decreased by 14% using B5 and by 26% using B100.  Nitrogen 
oxide emissions decreased by four percent with B5, five percent with B20, and 14% with 
B100.  Sulfur dioxide emissions decreased by an average of 86% using B100, and by 
94% using B50 blended with ultra-low sulfur diesel.  The difference between peak 
output power when using biodiesel and diesel was insignificant in blends less that B40.  
Peak measured power using B100 was about five percent lower than for diesel fuel.  
Pure cottonseed oil biodiesel achieved and maintained a peak corrected measured power 
of 13.1 kW at speeds of 2990, 2875, and 2800 rpm at loads of 41.3, 42.7, and 43.8 N-m.  
Using B5 produced a peak power of 13.6 kW at 2990 rpm and 43.9 N-m and at 2800 
rpm and 46.7 N-m, while using B20 produced a peak power of 13.4 kW at 2990 rpm and 
43.7 N-m.  Brake-specific fuel consumption at peak measured load and torque using 
B100 was 1238 g/kW-h.  Brake-specific fuel consumption at peak measured power and 
loads using B5 and B20 were 1276 and 1155 g/kW-h.  
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1. INTRODUCTION 
 
With the increased emphasis on the need for clean, renewable fuels, it is imperative to 
fully understand the operational characteristics of biodiesel.  The idea of using vegetable 
oil as fuel has been in existence since Rudolph Diesel demonstrated his compression 
engine, the diesel engine, in the late 1800s.  However, for many years, petroleum has 
been the primary source for diesel fuels (Schumacher et al., 2001).  For most of the 
twentieth century, an abundant supply for petroleum allowed for affordable petroleum 
diesel.  However, in recent years the supply of petroleum has slowed, while the need for 
petroleum fuels has substantially increased.  Petroleum diesel consumption has nearly 
doubled over the last twenty years.  In the transportation sector alone, diesel fuel usage 
has increased from about 1.5 million barrels per day in 1986 to more than 2.9 million 
barrels per day in 2006.  In 2006, almost 14 million barrels of petroleum fuels as a whole 
were consumed.  (EIA, 2007)   With the increasing need for energy, the decreasing rate 
of oil production, and the increased awareness in environmental protection, there has 
been a desire for alternative, clean-burning, renewable fuels.  This has been sent to the 
forefront by the recent increase in oil prices and stringent regulatory actions.  The Ag 
Energy Working Group, with support from the Energy Future Coalition, has developed a 
plan of action with the goal that “agriculture will provide 25 percent of the total energy 
consumed in the United States by 2025, while continuing to produce abundant, safe and  
____________ 
This thesis follows the style of Transactions of the ASAE. 
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affordable food and fiber” (AEWG, 2004).  The United States consumes more than 20 
million barrels of petroleum each day, with over half of that being imported.  In 2005, 
the United States consumed about 100 quads (quadrillion BTU) of energy.  Only about 
six percent of that consumed is from renewable energy sources (EIA, 2006).  
 
According to the Environmental Protection Agency, or EPA, (2004), non-road diesel 
engines are significant contributors of air pollution in the United States.  Non-road diesel 
engines are found primarily in construction, agricultural, and industrial applications.  
According to Kean et al. (2000), 10 percent of NOx and PM10 emissions come from off-
road diesel engines, while the EPA (2004) claims that these sources are responsible for 
about 25 percent.  These engines are projected to continue to contribute large quantities 
of pollutants that may be part of the cause of serious public health problems.  The 
primary pollutants of interest include carbon monoxide (CO), particulate matter (PM), 
nitrogen oxides (NOx), and sulfur oxides (SOx).  The Clean Air Act directs the EPA to 
study emissions from non-road engines to determine whether the associated emissions 
“cause, or significantly contribute to, air pollution which may reasonably be anticipated 
to endanger public health or welfare” (CAA, 1990) If it is determined that emissions 
from all non-road engines contribute significantly to ozone or CO non-attainment areas, 
then the EPA is required to establish emissions standards for classes of new non-road 
engines and vehicles that contribute to such pollution.  The EPA is also allowed to set 
emission standards regulating any other emissions from non-road engines that may 
reasonably be anticipated to endanger public health or welfare (EPA, 2007) Health 
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problems associated with these pollutants include premature mortality, aggravation of 
respiratory and cardiovascular disease and various other respiratory-related ailments.  
The EPA (2004) also believes that diesel exhaust may be carcinogenic to humans.  
“Ozone, NOx, and PM also cause significant public welfare harm such as damage to 
crops, eutrophication, regional haze, and soiling of building materials.” (EPA, 2004).  
The EPA has adopted new emissions standards for non-road diesel engines and sulfur 
reductions in non-road diesel fuel, effective August 30, 2004.  These changes should 
reduce harmful emissions, as well as help states and local areas designated as 8-hour 
ozone non-attainment areas to improve their air quality.  According to the Texas 
Commission on Environmental Quality, or TCEQ, (2005), ozone is not directly emitted 
into the air; it is formed during a series of atmospheric chemical reactions involving 
sunlight, NOx, and reactive volatile organic compounds (RVOCs).  Table 1 below shows 
a summary of the current EPA emission standards for engines smaller than 130 kW 
(EPA, 2002). 
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Table 1. Non-road diesel engine emission standards (g/kW-h). 
Rated Power 
(kW) 
Tier 
Model 
Year 
NOx HC 
NMHC 
+ Nox 
CO PM 
1 2000 - - 10.5 8.0 1.0 
kW < 8 
2 2005 - - 7.5 8.0 0.80 
1 2000 - - 9.5 6.6 0.80 
8  kW < 19 
2 2005 - - 7.5 6.6 0.80 
1 1999 - - 9.5 5.5 0.80 
19  kW < 37 
2 2004 - - 7.5 5.5 0.60 
1 1998 9.2 - - - - 
2 2004 - - 7.5 5.0 0.40 37  kW < 75 
3 2008 - - 4.7 5.0 0.40 
1 1997 9.2 - - - - 
2 2003 - - 6.6 5.0 0.30 
75  kW < 
130 
3 2007 - - 4 5.0 0.30 
The model years listed indicate the model years for which the specified tier of standards take effect. 
 
 
The EPA finalized a two-step sulfur standard for non-road, locomotive, and marine 
(NRLM) diesel fuel.  The sulfur requirements under this standard are similar to those 
established for highway diesel fuel.  “Beginning June 1, 2007, refiners will be required 
to produce NRLM diesel fuel with a maximum sulfur content of 500 ppm.  Then, 
beginning June 1, 2010, the sulfur content will be reduced for non-road diesel fuel to 15 
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ppm” (EPA, 2004).  This standard will achieve considerable, cost-effective reductions of 
sulfate PM and SO2 emissions, which will provide substantial public health and 
environmental benefits, which outweigh the cost of meeting the standards necessary to 
achieve them.  The final sulfur standards will also allow high efficiency control 
technology to be applied to non-road engines, since sulfur can inhibit or impair the 
function of diesel exhaust emission control devices that will be necessary for non-road 
diesel engines to meet the finalized emission standards (EPA, 2004). 
 
Sulfur in diesel fuel also acts as an engine lubricant.  This is important because reducing 
sulfur content reduces fuel lubricity.  While newer engines may be designed to handle 
low sulfur fuel, older engines may not.  For example, fueling an older model engine with 
low sulfur diesel for an extended period of time may result in injectors sticking.  
 
Biodiesel is a cleaner-burning, renewable fuel that is compatible with petroleum diesel 
and can be produced domestically (NBB, 2006a).  Biodiesel contains essentially zero 
sulfur compared to petroleum diesel, as well as producing less soot and polycyclic 
aromatic hydrocarbon (PAH) emissions.  Biodiesel also has a higher cetane number than 
petroleum diesel, as well as having a positive carbon dioxide (CO2) balance.  Since 
biodiesel is a renewable, bio-based product, it can be supplementary for a portion of the 
petroleum diesel consumed.  The production of biodiesel will also provide another 
market for agricultural commodities (Schumacher, et al., 2001).  Biodiesel can be 
produced from essentially any plant oil or animal fat, from sunflower, canola, or 
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cottonseed oil, to chicken fat, beef tallow, or spent restaurant grease (yellow grease).  
Further research is needed to understand regulated and unregulated emission impacts of 
biodiesel for non-road applications (Gratton and Hansen, 2003). 
 
Biodiesel can serve several purposes: lubrication, which is seen with blends of two to 
five percent biodiesel (B2-B5); fuel supplementation, which is seen with blends of 
twenty percent biodiesel (B20); and as a stand-alone fuel, when pure biodiesel (B100) is 
used.  Blends such as B2 or B5 can be utilized as a lubricating fuel in place of high 
sulfur fuel.  According to the NBB (2006b), “there is a marked improvement in lubricity 
when biodiesel is added to conventional diesel fuel”.  Most engine manufacturers 
warrant engines for use with these small percentage blends, and many manufacturers 
require that new vehicles leave the lot with these types of blends.  Some manufacturers 
warrant the use of biodiesel blends up to B20 in diesel engines.  Very few manufacturers 
warrant the use of B100 in diesel engines.  It is important to note that federal law 
prohibits voiding an original equipment manufacturer, or OEM, warranty just because of 
the use of biodiesel in an engine; the biodiesel has to be the cause of the failure in order 
for the warranty to be voided (DOE, 2004). 
 
While there is a wealth of available data regarding some types of biodiesel (Munoz et al., 
2004), there is little data regarding the effect of cottonseed oil (CSO) biodiesel on diesel 
engine performance and exhaust emissions.  Soybean oil is the primary source for 
biodiesel in the United States.  However, other biodiesel feedstocks, such as cottonseed 
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oil, can help to meet the increasing desire for alternative fuels by filling a particular 
niche.  This niche is primarily based on the availability of a feedstock in a particular 
area.  Figure 1 illustrates the trend of cotton production in the United States since 1995.   
 
 
 
Figure 1.  United States cotton production by year (USDA, 2006). 
 
According to the U.S. Census Bureau (DOC, 2005), the United States produced about 
880 million pounds, or about 117 million gallons, of cottonseed oil in 2004.  According 
to the National Cottonseed Production Association, or NCPA, (2002) cottonseed oil 
ranks third in volume of oil produced in the United States behind soybean and corn oil.  
According to Tickell (2000), 243 lbs of cottonseed oil can be produced per acre of 
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cotton.  Recent trends have shown a decrease in desire to use CSO as food oil, since 
CSO contains trans-fatty acids.  This trend has an inverse effect on the desire and 
availability of CSO to be used in biodiesel production.   
 
With the large amount of cotton produced in the southern United States, and the growing 
need for utilizing agricultural byproducts, it is important to investigate engine 
performance using biodiesel from cottonseed oil, as well as analyzing the exhaust 
emissions produced. 
 
1.1 Objectives 
 
The objective of this research is to gain a better understanding of cottonseed oil biodiesel 
by: 
 
• Determining the relationship between diesel engine performance and the 
percentage of cottonseed oil biodiesel in fuel blends;  
• Determining the relationship between pollutant concentrations in diesel engine 
exhaust and the percentage of cottonseed oil biodiesel in fuel blends; and  
• Evaluating the implications of the results of this study with current and proposed 
regulations on the use of biodiesel and biodiesel blends as fuel for diesel engines. 
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2. LITERATURE REVIEW 
 
Understanding the overall effect of using biodiesel as a fuel is a complex science.  This 
complexity owes to the fact that biodiesel can be produced from almost any plant oil or 
animal fat.  Each of these feedstocks has different characteristics that can affect 
production cost, engine performance, and exhaust emissions.  The objective of this 
section is to provide a review of previous research associated with biodiesel cost, 
composition, performance, and emissions.  A review of regulations that pertain to non-
road engines and alternative fuels is also included. 
 
2.1 Economics 
The primary factors affecting the economics of biodiesel include the purchase price and 
the quality of feedstock (Piazza, 2007).  Raw materials for fuel production, such as 
soybean oil, cottonseed oil, renderings, and waste oil each carry a purchase price based 
on feedstock quantity and geographic availability, competition with other uses of the 
feedstock, and product quality (Capareda, 2007).  High quality feedstocks tend to require 
little pre-treatment , but they can have a high purchase price.  Low quality oils can be 
purchased at a lower price, but usually require a greater deal of pre-treatment.  Pre-
treatment processes include refining, degumming, neutralizing, drying, bleaching, and 
dewaxing.  Low quality oils also tend to be variable in free fatty acid composition; using 
low quality fuels can have a negative effect on end product cold flow properties 
(Capareda, 2007). Feedstock quality is dependent upon the amount of phosphatides, free 
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fatty acids, waxes, insoluble impurities, and water present in the feedstock (Piazza, 
2007).  Figure 2 below illustrates the cost of several biodiesel feedstocks: 
 
 
 
 
 
Engine Performance 
 
 
 
Exhaust Emissions 
 
 
 
Figure 2. Feedstock cost analysis (Piazza, 2007). 
 
According to Piazza, raw material costs have the largest effect on the cost of biodiesel, 
and processing costs are significant.  
 
2.2 Engine Performance 
Alternative fuel use can only be considered feasible alternatives if engine performance is 
maintained when using alternative fuels and fuel blends.  Three points of interest when 
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determining engine performance are brake effective power (BEP), brake-specific fuel 
consumption (BSFC), and thermal efficiency.   
 
Since the energy content of biodiesel is approximately eight percent lower than that of 
petroleum diesel, it is expected that, in certain situations, engines fueled with biodiesel 
will not produce the same power that is produced when using petroleum diesel.  At full-
load conditions with a wide-open throttle (WOT), or at intermediate loads with equal 
fuel consumption or accelerator position, the output power should reduce with respect to 
energy content (Lapuerta et al., 2007).  Wide-open throttle is equivalent to the 
accelerator being fully pressed.  Contrary to the expected, researchers have reported 
varying results.  Some authors have shown a smaller decrease in power than expected 
when using biodiesel, while some have reported power loss in the same scope as reduced 
energy content, and others have shown an increase in rated power and torque.  Some 
have also reported no significant difference in output power and torque (Lapuerta et al., 
2007). 
 
Cetinkaya et al. (2005) observed that the reduction of torque was only three to five 
percent when comparing waste oil biodiesel to petroleum diesel in a 75 kW four-cylinder 
common rail engine.  Lin et al. (2006) found that the power at full load when using pure 
palm oil biodiesel was only 3.5% less than that of petroleum diesel in a 2.84 L naturally 
aspirated engine.   
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When using a 70% tall oil biodiesel blend, Altiparmak et al. (2007) measured a 6.1% 
increase in maximum torque.  Usta (2005) observed inceases in torque and power when 
fueling an indirect injection diesel engine with tobacco seed oil biodiesel blends. 
 
Yucesu and Ilkilic (2006) observed that the heating value for cottonseed oil (CSO) 
biodiesel was only five percent less than the heating value of petroleum diesel.  They 
observed power and torque reductions of three to eight percent when using pure CSO 
biodiesel.  Murillo et al. (2007) also observed power loss similar to the percent reduction 
in heating value when using cooking oil biodiesel. 
 
Romig and Spataru (1996) observed no significant difference in rated power when using 
rapeseed and soybean oil biodiesel blends in a 6-cylinder DDC engine.  Shaheed and 
Swain (1999) also observed no significant differences when using CSO biodiesel at 
several speeds in a single cylinder 2.75 kW engine.   
 
Brake-specific fuel consumption is the ratio between the mass of fuel consumed and the 
brake effective power produced by an engine.  Brake-specific fuel consumption is 
inversely proportional to themal efficiency (Lapuerta et al., 2007).  Graboski et al. 
(1996) found a good correlation between fuel oxygen content, which is higher for 
biodiesel, and BSFC when using soybean oil biodiesel.  According to Rakopoulos et al. 
(2004), the increase in BSFC is attributed to oxygen enrichment from fuel, and not from 
intake air.  Most authors have reported an increase in BSFC when using biodiesel and 
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biodiesel blends.  Turrio-Baldassarri et al. (2004), Hansen and Jensen (1997), Last et al. 
(1995), Alam et al. (2004), Canakci and Van Gerpen (2001), and Senatore et al. (2000) 
reported increases in BSFC when using biodiesel and biodiesel blends, compared to 
petroleum diesel fuel.  These increases tended to be in line with the loss of heating value 
in the fuel blends. 
 
According to Lapuerta et al. (2007), “thermal efficiency is the ratio between power 
output and energy introduced through fuel injection.”  Most authors observed no 
significant change in thermal efficiency when using biodiesel.  Some of those authors 
include Lapuerta et al. (2007b), Canakci (2005), and Monyem et al. (2001). 
 
2.3 Exhaust Emissions 
According to the National Biodiesel Board (2006), biodiesel is a clean burning 
alternative fuel produced from domestic, renewable resources, such as plant oils or 
animal fats.  While bio-diesel contains no petroleum, it can be blended with petroleum 
diesel to create a fuel suitable for use in diesel engines.  It is important to understand the 
relationship between biodiesel blends and exhaust emissions. 
 
Pure biodiesel is essentially free of sulfur compared to petroleum diesel. Biodiesel 
blends, consequently, contain less sulfur than petroleum diesel.  Since biodiesel blends 
have less sulfur than petroleum diesel, using biodiesel blends should decrease the 
emission of SO2 and sulfate particulate matter.   
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 Munoz et al (2004) found that the concentration of carbon monoxide (CO) in the 
exhaust decreased, except at high speed and load, while hydrocarbon emissions (THC) 
reduced at low loads, and NOx emissions depended on the speed and load of the engine 
when petroleum diesel was replaced with biodiesel mixtures.   
 
Graboski and McCormick (1998) found that, for biodiesel, NOx emissions increase when 
large, two-stroke engines were tested at full load.  Schumacher et al. (2001) found that, 
as the percent mixture of biodiesel increased, emissions of THC, CO, and PM decreased, 
while emissions of NOx increased.  Neat biodiesel exceeded the 1991-1994 nitrogen 
oxide emission standards.  Using biodiesel blends yielded a positive CO2 balance.  
According to Schumacher et al. (2001b), as the percentage of biodiesel in the blend 
increased, with no timing changes and no addition of alkylates, THC, CO, and PM 
exhaust emissions decreased, while NOx increased.     
 
Canakci and Van Gerpen (2001) found that CO, THC, and NOx emissions significantly 
increased with pure biodiesel made from yellow grease and soybean oil in comparison to 
DF.  When using B20, there was not a significant change in the emission of HC and 
NOx; the decrease in the levels of CO was borderline significant.  No significant changes 
were observed for CO2 emissions when using biodiesel.  In 2003, Canakci and Van 
Gerpen found statistically significant reductions in CO and hydrocarbon emissions when 
using biodiesel from sunflower oil and yellow grease. 
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Nitrogen oxide emissions are of specific importance due to the fact that NOx is a 
contributor to ozone.  Since it has been found that NOx emissions tend to increase with 
bioiesel blends, measures have been taken in an attempt to decrease NOx emissions 
when using biodiesel blends.  Sometimes these efforts result in increased emissions of 
other pollutants.  According to Schumacher et al. (2001b), NOx emissions can be 
reduced by retarding injection timing or by substituting 20 percent of the petroleum 
diesel in the B20 blend with heavy alkylate.  Replacing DF with heavy alkylate also 
reduced CO and PM concentrations, while THC concentrations were not affected.  
Retarding injection timing increased CO concentrations.   
 
Munoz et al. (2004) found that, when injection timing was moved up by 3°, THC 
emissions generally increased, while NOx emissions were observed to decline slightly at 
medium engine speeds at certain loads.  Jha et al. (2006) blended ethanol with bioiesel 
blends in an effort to reduce NOx emissions.  Jha et al. observed an increase in NOx 
emissions when using a diesel, biodiesel, ethanol (DBE) mixture in an old engine, while 
using DBE in new engines reduced NOx emissions.  Carbon monoxide emissions 
increased with an increase in ethanol in the fuel blends. 
 
Kass et al. (2006) observed a decrease in NOx and PM emissions when using a biodiesel 
emulsified with 10% water, by mass.  Using the emulsified blend along with exhaust gas 
recirculation (EGR), lowered both NOx and PM emissions.  Last et al. (1995) 
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incorporated retarding injection timing with EGR and observed a 30% decrease in NOx 
emissions. 
 
2.4 Rules and Regulations 
Federal standards for new non-road diesel engines were originally adopted in 1994 for 
engines rated for greater than 37 kW, to be phased in from 1996 to 2000.  In 1996, a 
Statement of Principles was signed between engine makers, EPA, and the California 
ARB, and in 1998, the EPA finalized the rule reflecting the SOP.  Tier 1 standards for 
engines less than 37 kW and more stringent Tier 2 and 3 standards for all non-road 
equipment were scheduled to be phased in from 2000 to 2008.  In 2004, the EPA 
finalized Tier 4 emission standards, which are to be phased in through 2015  (DieselNet, 
2007).  EPA regulations for mobile non-road diesel engines may apply to those who 
manufacture and import diesel engines intended to be used in non-road vehicles or 
movable equipment.  Producers and importers of vehicles and machinery that use these 
engines may also be affected.  Those who convert non-road vehicles and equipment to 
use alternative fuels, and those that produce and distribute non-road diesel fuel also fall 
under the umbrella of these regulations (EPA, 2004).   
 
According to the final rule for the control of emissions of air pollution from non-road 
diesel engines and fuel (EPA, 2004), vehicles and fuels are generally treated as a system, 
so standards shall be promulgated in tandem.  This will achieve the greatest emission 
reductions while maintaining cost-effectiveness.  Standards for non-road diesel engines 
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and fuels have been constructed using on-highway diesel engine standards as a model.  
In an effort to extend advanced emission controls, engine standards and emission test 
procedures have been set out, along with sulfur control requirements for diesel.  Included 
in the engine standards will be not-to-exceed, or NTE, requirements.  Diesel engine 
manufacturers will have to ensure that their non-road engines meet the standards and 
specifications laid forth by the EPA, and the engines must not surpass the NTE 
standards, which are typically 1.25 or 1.5 times the NSPS.  In an effort to lower SO2 
emissions, new standards for sulfur content in non-road diesel fuel were established.  
Starting in 2007, non-road diesel fuel shall have a maximum sulfur concentration of 500 
ppm; starting in 2010, the maximum sulfur concentration will be lowered to 15 ppm.  
Federal engine and fuel standards affect the emissions of NOx, VOCs, SO2, PM2.5, CO, 
HC, and air toxins (EPA, 2004; DieselNet, 2007).      
 
Tables 2 and 3 below list the federal emission standards for mobile non-road diesel 
engines (DieselNet, 2007). 
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Table 2.  Tier 1-3 emission standards. 
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Table 3. Tier 4 emission standards. 
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In 2006, the EPA adopted the Compression Ignition Internal Combustion Engine 
performance standards for stationary diesel engines (EPA, 2006).  The pollutants 
regulated by this rule include NOx, PM, CO, and NMHC.  Sulfur oxides shall be reduced 
with the use of low sulfur non-road fuel, and smoke emissions will be reduced.  Sources 
affected by the NSPS (New Source Performance Standard) include stationary, non-road 
diesel engines manufactured or reconstructed after 2005.  Engines are considered 
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stationary if they are not mobile and remain at one location for a year (EPA, 2006; 
DieselNet, 2007). 
 
Tables 4 and 5 below show the emission standards for stationary non-road diesel engines 
(EPA, 2006). 
 
Table 4. Emission standards for 2007 model year and later engines. 
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Table 5. Emission standards for engines manufactured before 2007. 
 
 
 
The Texas Commission for Environmental Quality has attempted to ban sales of B20 in 
Texas in order to prevent the increase of NOx levels in several parts of the state.  As of 
December 2006, the ban has been delayed (Lacey, 2007).  TCEQ began a program called 
the Texas Low Emission Diesel (TxLED) program in order to help control NOx 
emissions.  Currently, no biodiesel is TxLED certified, which signifies that the fuel has 
been formulated to decrease NOx emissions.  The EPA is now developing a report 
regarding NOx emissions when using biodiesel.  The goal is that this research presented 
in this report will clarify previously conflicting results dealing with NOx emissions.  
Despite some research claiming that NOx increases are neglible, an EPA study in 2002 
found that using a 20% biodiesel blend increased NOx emissions above the levels 
allowed by TxLED (Lacey, 2007).  If TCEQ decides to uphold the ban on sales of 
biodiesel blends throughout Texas or in the 110 Texas counties surrounding the critical 
air quality areas, Texas biodiesel producers will likely have to ship their product out of 
state or begin building biodiesel plants out of state (Lacey, 2007; Stillman, 2006).   
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3. ENGINE PERFORMANCE 
 
The idea of using vegetable oils as fuel originated alongside the invention and 
advancement of the diesel engine.  Rudolph Diesel originally fueled his engine with 
peanut oil, and he thought that utilizing biomass fuel was the principal future of the 
diesel engine.  Diesel wanted his engine to be a means for farmers, smaller industries, 
and “common” people to compete with large, monopolizing industries controlling 
energy production (Yokayo, 2003).  This early biofuel eventually gave way to petroleum 
diesel as the primary fuel used in diesel engines.  The availability of economical middle-
distillate petroleum fuels left little reason to search for alternative, renewable fuel 
sources.  However, the oil crisis of the 1970s rekindled interest in utilizing alternative 
sources for fueling engines (Canakci and Van Gerpen, 2001).  Again, the current energy 
crisis and the rise in fuel costs, as well as the increased desire for clean-burning fuels, 
has thrust forward the importance of finding and utilizing alternative, renewable energy 
sources.  The desire for alternative energy has been placed in prominence, as illustrated 
by the campaign that calls for 25 percent of the energy consumed in the United States to 
be produced from biofuels by the year 2025 (AEWG, 2006). 
 
Interest in using vegetable oils as fuels arose again within the agricultural community as 
a fuel for tractors and equipment (ASAE, 1982).  Around the world, vegetable oils were 
being studied for their viability as a legitimate fuel (Korbitz, 1995).  Extensive testing 
showed that diesel engines could be operated acceptably using minimally processed 
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vegetable oils.  However, using straight vegetable oil as fuel resulted in issues with fuel 
injectors, piston rings, and oil stability (Bechtold, 1997).  Additional research showed 
that further processing of vegetable oils produces methyl esters, fuels suitable for diesel 
engines and compatible for mixing with diesel.  Methyl esters came to be known as 
biodiesel,   
 
Biodiesel can be used as a stand-alone fuel, as well as being blended with petroleum 
diesel.  Biodiesel blends are generally referred to according to the percent of biodiesel in 
a fuel mixture.  A fuel mixture with two percent biodiesel and 98 percent petroleum 
diesel is designated B2, a fuel mixture with five percent biodiesel is designated B5, and 
so on.  Unmixed, or neat, biodiesel is referred to as B100.  For the purpose of this 
manuscript, this designation will be used, followed by the type of diesel used in the 
mixture.  The diesel will be differentiated based on sulfur content.  Diesel with 500 ppm 
sulfur is designated DF500, while DF15 refers to diesel with 15 ppm sulfur.  So, a blend 
that contains 20 percent biodiesel and 80 percent 500 ppm sulfur diesel is given the short 
form of B20/DF500.  Biodiesel mixed in small blends, such as B2 and B5, serves as a 
lubricant.  This is especially important given the mandated decrease in the concentration 
of sulfur, which acts as a lubricant, in diesel.  Biodiesel also serves as a supplemental 
fuel when used in blends such as B20.   
 
In order for biodiesel to be sold for use in vehicles, it must meet ASTM D6751.  
Adhering to ASTM D6751 ensures that biodiesel meets the same standards set forth for 
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petroleum diesel.  ASTM D6751 encompasses a wealth of standards that provide 
guidelines for determining characteristics such as cetane number, kinematic viscosity, 
distillation temperatures, sulfur content, and more.  A summary of the test methods laid 
out by ASTM D6751 can be seen in the table 6 below: 
 
Table 6.  Summary of biodiesel testing standard ASTM D 6751 (ASTM, 2007). 
 
 
 
Neat biodiesel has a lower energy content than diesel (Peterson et al., 2002; Canakci and 
Van Gerpen, 2003), which can be attributed to the oxygen content of biodiesel of about 
10 percent (Bechtold, 1997).  Biodiesel has a higher specific gravity than diesel (Canakci 
and Van Gerpen, 2003; Bechtold, 1997).  Overall, biodiesel has approximately seven 
percent less energy per unit volume than diesel (Bechtold, 1997).  It is thus expected that 
biodiesel blends have lower energy content than petroleum diesel.  Biodiesel has a 
higher viscosity, cloud point, and pour point than biodiesel, which can be problematic in 
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cold temperatures (Canakci and Van Gerpen, 2003; Peterson et al., 2002; Bechtold, 
1997).  Biodiesel is also prone to deteriorating certain types of seals, hoses, and gaskets, 
particularly those comprised of natural rubbers.  Biodiesel resistant hoses and seals are 
available.   
 
Biodiesel can be produced from most vegetable oils and animal fats using a process 
called transesterification.  Transesterification uses methanol or ethanol in the presence of 
an alkaline catalyst, such as sodium hydroxide or potassium hydroxide, to produce 
methyl or ethyl esters (Dorado et al., 2002; Peterson et al, 2002).  Most biodiesel 
production plants use methanol in order to yield methyl esters (Peterson et al., 2002).  
Common vegetable oils used in biodiesel production include soybean oil, waste 
vegetable oil, sunflower seed oil, rapeseed oil, peanut oil, Chinese tallow oil, and 
cottonseed oil (Capareda, 2007; Munoz et al, 2004; Bechtold, 1997).  Table 7 below 
shows the amount of oil produced by certain plants.   
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Table 7. Plant oil production per unit area (Tickell, 2000). 
Oil Producing Crops 
  Plant 
kg 
oil/ha   Plant 
kg 
oil/ha 
1 Corn 145 25 Tung Oil Tree 790 
2 Cashew Nut 148 26 Sunflower 800 
3 Oat 183 27 Cocoa 863 
4 Palm 189 28 Peanut 890 
5 Lupine 195 29 Opium Poppy 978 
6 Rubber Seed 217 30 Rapeseed 1000 
7 Kenaf 230 31 Olive Tree 1019 
8 Calendula 256 32 Piassava 1112 
9 Cotton 273 33 Gopher Plant 1119 
10 Hemp 305 34 Castor Bean 1188 
11 Soybean 375 35 Bacuri 1197 
12 Coffee 386 36 Pecan 1505 
13 Linseed 402 37 Jojoba 1528 
14 Hazelnut 405 38 Babassu Palm 1541 
15 Euphorbia 440 39 Jatropha 1590 
16 Pumpkin Seed 449 40 Macadamia Nut 1887 
17 Coriander 450 41 Brazil Nut 2010 
18 Mustard 481 42 Avocado 2217 
19 Camelina 490 43 Coconut 2260 
20 Sesame 585 44 Oiticia 2520 
21 Crambe 589 45 Buriti Palm 2743 
22 Safflower 655 46 Pequi 3142 
23 Buffalo Gourd 665 47 Macauba Palm 3775 
24 Rice 696 48 Oil Palm 5000 
 
 
One of the key issues facing the matter of streamlining biodiesel as a fuel is economics.  
Nearly 80 percent of the cost to produce biodiesel lies with feedstock costs (Capareda, 
2007).  Some of the more common feedstocks used to produce biodiesel are also used as 
food oils; the high price of these oils drives up the price of producing biodiesel.  
Currently, the federal government provides a subsidy of about one dollar per gallon, 
which helps make producing and using biodiesel economical.  This subsidy is given to 
the mixer of the biodiesel.  The potential markets for biodiesel are as a fuel supplement, 
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in mixtures of about 20 percent, and as a lubricant in the place of sulfur.  Neat biodiesel 
makes up a very small protion of the market (Lacey, 2007).  In 2005, only 75 million 
gallons of biodiesel were produced commercially.  This leaves a large market for 
production (Capareda, 2007.)  Most engine manufacturers warrant the use of biodiesel in 
their engines in blends of up to 20 percent, while some warrant the use of B100.  Many 
automobile manufacturers now require that new diesel vehicles leave the plant with B2 
or B5 in the fuel tank.  Biodiesel also has a specific potential for non-road vehicles.  
Farmers can produce biodiesel for use in farm trucks and tractors, while cooperatives 
can provide biodiesel or biodiesel blends as a fuel option to cooperative members.   
 
3.1 Objective 
The overall objective of the research discussed in this section is to gain a better 
understanding of engine performance when using cottonseed oil biodiesel.  Specific 
objectives for this research are as follows:   
• To evaluate torque, brake power, and fuel consumption of biodiesel and 
biodiesel blends; 
• To compare the evaluated torque, brake power, and fuel consumption of 
biodiesel to pure diesel; and 
• To evaluate advantages and/or disadvantages of using biodiesel blends. 
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3.2 Experimental Method 
Engine power tests were conducted using a 14.2 kW (19 hp) diesel engine fueled with 
several blends of petroleum diesel and cottonseed oil biodiesel.  The CSO biodiesel used 
for all performance tests was purchased from Safe Renewable Fuels, Inc.  The blends 
included in these tests are listed below: 
• B5/DF500; 
• B20/DF500; 
• B40/DF500; 
• B60/DF500; 
• B80/DF500; 
• B100; and 
• DF500. 
Engine power tests were conducted using the SAE Standard Engine Power Test Code for 
diesel engines (SAE, 1983) as a guideline.  The Engine Power Test Code can be found in 
Appendix A.  According to this standard, “engine power is defined as the product of 
engine dynamometer speed and torque obtained at wide-open-throttle.”  Using the 
determined engine power and observed fuel consumption, brake-specific fuel 
consumption, or BSFC, can be calculated.  Brake-specific fuel consumption is a useful 
indicator of the performance of fuels in engines, since it describes fuel consumption in 
relation to power produced.  Engine efficiency, or the efficiency of an engine converting 
potential energy in fuel to kinetic energy, is generally the same when using diesel or 
biodiesel (Schumacher et al, 2001).  Engine efficiency is different than fuel efficiency, 
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since fuel efficiency describes fuel consumption in an engine.  Brake-specific fuel 
consumption is a key indicator of fuel efficiency, and is dependent upon the energy 
content of a fuel.  Determining the relationship between biodiesel blends and engine 
performance provides an understanding of the expected fuel consumption when using 
cottonseed oil biodiesel as fuel in a non-road diesel engine.  Using this data, consumers 
can determine the cost effectiveness of using CSO biodiesel blends.       
 
Performance curves were developed for a three-cylinder 14.2 kW (19 hp) Yanmar 
3009D diesel engine, manufactured by John Deere Power Systems, Waterloo, IA. The 
diesel engine tested was fueled by several blends of CSO biodiesel.  These performance 
curves were developed according to the Engine Power Test Code for diesel engines 
(SAE, 1983).  As laid out in the Engine Power Test Code, the following parameters were 
measured: 
• Torque; 
• Engine speed; 
• Engine, water, oil, and ambient temperatures; and 
• Inlet air pressure. 
To define the power curve, data was recorded for five operating speeds, approximately 
evenly spaced, between the lowest stable speed and the maximum speed recommended 
by the manufacturer.  The following data were recorded during engine testing (SAE, 
1983): 
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• Engine speed; 
• Beam load; 
• Ambient air temperature, pressure, humidity; 
• Inlet air pressure, temperature; 
• Exhaust system pressure; 
• Fuel supply temperature; 
• Oil and coolant temperature; 
• Oil pressure; 
• Intake manifold temperature, pressure; 
• Exhaust manifold temperature, pressure; 
• Air cleaner and piping restriction; 
• Ignition/injection timing; and 
• Fuel supply pressure. 
 
The engine was loaded for testing with a water-cooled eddy current absorption 
dynamometer rated at 22.4 kW (30 hp), manufactured by Pohl Associates, Inc., Hatfield, 
PA.  Dynamometer load was controlled using a Dynamatic® EC 2000 controller (Drive 
Source International, Inc., Sturtevant, WI.).  Torque and engine speed data were 
collected using LabView 8.0.  Fuel flow was measured using a Model 214 Piston Flow 
Meter and transmitted using a Model 294 High Resolution, Linearized Frequency 
Transmitter (Max Machinery, Inc., Healdsburg, CA)  Figure 3 shows the dynamometer 
test system. 
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Figure 3.  Dynamometer test system. 
 
For each fuel blend, the engine was started and allowed to warm up for several minutes 
at half throttle and a load of approximately 10.8 N-m (eight ft-lb).  The throttle was then 
increased until the engine reached wide-open throttle (WOT).  Once WOT was obtained, 
the engine load was increased to the highest possible load at which the engine speed was 
maintained.  Preliminary tests were conducted in order to determine the stable speed 
range of the engine.  Speed intervals that provided stabilized speed and torque 
measurements were chosen.  The maximum loaded engine speed for the purpose of these 
tests was approximately 3150 revolutions per minute (rpm).  The engine was allowed to 
run at this setting until speed and torque measurements were stable for at least two 
minutes.  Once the measurements were stabilized, data collection was initiated.  See 
Appendix B for the step-by-step procedure of data collection that was used.  Upon 
Controller 
3-Cyl Yanmar 
Engine 
Dynamometer 
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completion of data collection, the load on the engine was then increased, while 
maintaining WOT, until the engine speed decreased to the next desired engine speed  
The measurements were, again, allowed to stabilize, and data collection was repeated.  
The testing process was repeated for each desired engine speed.  The five engine speeds 
targeted were 3150, 3065, 2975, 2885, and 2800 rpm. These five speeds were chosen 
because they are fairly evenly spaced, and they provided a speed-load combination that 
was stable enough for testing purposes.   
 
This range of operating speeds is representative of most stationary non-road diesel 
engines, which generally operated at consistent, intermediate loads.  However, this range 
does not completely represent mobile non-road engines, which may be operated at 
maximum engine speed.  An example of this is a tractor pulling a PTO powered 
implement.  Further tests should be conducted to analyze engine performance, as well as 
exhaust emissions, at maximum rated engine speed, which is 3200 rpm for this engine. 
 
Engine speed and torque were used to determine horsepower of the engine at each 
targeted speed.  Engine power was found using equation 1:  
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549,9
NTP ×=      (1) 
Where, 
P = power, kW 
N = engine speed, rpm 
T = torque, N•m 
 
Diesel engine performance is affected by inlet air pressure, temperature, and humidity.  
In order to provide a standard basis of comparison, it is necessary to apply a correction 
factor to account for the difference between standard inlet air conditions and inlet air 
conditions observed during testing (SAE, 1983).  Inlet air conditions were assumed to be 
the same as ambient weather conditions; weather data was obtained from Easterwood 
Airport hourly weather data.  According to the Power Test Code, observed brake power 
was corrected using equation 2, assuming a constant fuel rate during testing.   
( ) fmoc faPP =      (2) 
Where,  
Pc = corrected brake power, kW 
Po = observed brake power, kW 
fa = atmospheric factor 
fm = engine factor 
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The atmospheric factor for naturally aspirated engines, like the one used during testing, 
was found using equation 3. 
2.11.1
298
27399

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
=
t
B
fa
do
  (3) 
Where,  
Bdo = observed inlet dry air pressure, kPa 
t = observed inlet air temperature, °C 
 
The engine factor, fm, has a value of 1.2 when q/r is greater than 65.  The variable q was 
found using equation 4 for four stroke engines.  The engine pressure ratio, r, is the ratio 
of the observed inlet manifold pressure to the observed inlet air pressure.  For naturally 
aspirated engines, the pressure ratio has a value of one.  
DN
Fq ×= 000,120     (4) 
Where, 
q = the ratio of the rate of fuel consumed to the engine displacement multiplied by the 
engine speed, mg/L-cycle 
 F = fuel rate, g/s 
D = engine displacement, L 
N = engine speed, rpm. 
 
Engine displacement for the Yanmar engine used during testing is 0.879 L. The value of 
q/r was greater than 65 for all tests. 
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Brake specific fuel consumption (BSFC), which is a good comparator of fuel blends, is a 
measure of the fuel efficiency of an engine.  BSFC is the ratio of the rate of fuel 
consumption to the rate of power production using that fuel, and has units of grams per 
kilowatt-hour (g/kW-hr).  BSFC is, essentially, a function of the energy content of a fuel.  
Diesel has an energy content of about 36,200 kilojoules per liter (kJ/L), while cottonseed 
oil biodiesel has an energy content of about 33,500 kJ/L.  The difference in energy 
content of CSO biodiesel and petroleum diesel is about eight percent.  Equation 5 was 
used to find BSFC. 
TN
fBSFC
×××
=
001.010472.0
   (5) 
Where, 
BSFC = brake specific fuel consumption, g/kW-h 
f = fuel consumption, g/h 
N = engine speed, rpm 
T = torque, N•m 
 
Performance tests were completed using three randomized blocks, with each block 
containing one set of tests for each fuel blend.  Brake specific fuel consumption for each 
fuel blend at each speed interval was compared BSFC for DF500 using a t-test with a 
confidence interval of 0.95.  These tests were used to determine whether or not there is 
significant difference between the BSFC of CSO biodiesel blends and DF500.  
Emissions tests were conducted concurrently with performance tests.  Emissions test 
results will be presented in Section 4.   
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3.3 Results 
Figure 4 shows brake power and torque for diesel and B100. 
 
 
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
2750 2800 2850 2900 2950 3000 3050 3100 3150 3200
Engine Speed, RPM
Po
w
er
, 
kW
0.0
10.0
20.0
30.0
40.0
50.0
60.0
To
rq
u
e,
 
N
-
m
DF500 POWER B100 POWER DF500 TORQUE B100 TORQUE
Poly. (B100 TORQUE) Poly. (DF500 TORQUE) Poly. (B100 POWER) Poly. (DF500 POWER)
 
Figure 4.  Brake power and torque using B100 and diesel. 
 
The engine achieved a peak corrected brake power of 13.8 kW (18.5 hp) using farm 
diesel at an engine speed of approximately 2875 rpm.    The peak power achieved when 
using B100, 13.1 kW (17.6 hp) was about five percent lower than when using diesel fuel.  
At high speeds (3065 rpm and greater), CSO biodiesel achieved approximately the same 
torque and brake power as diesel. 
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Figure 5 below compares brake power and torque for B5 and diesel. 
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Figure 5.  Brake power and torque using B5 and diesel. 
 
Peak brake power when using B5 was about one percent lower than when using pure 
diesel, and about four percent higher than when using B100.  When using B5, the engine 
produced as much or more power than when using DF500 at speeds of 3150, 3065, and 
2800 rpm.  As seen in the figures above, as well as table 8 below, none of the CSO 
biodiesel blends produced the peak brake power produced when using petroleum diesel.   
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Table 8. Corrected brake power. 
 Corrected Brake Power, kW 
 
3150 
rpm 
3065 
rpm 
2990 
rpm 
2875 
rpm 
2800 
rpm 
DF500 5.0 10.4 13.7 13.8 13.6 
B5 5.1 10.7 13.6 13.4 13.6** 
B20 5.3 10.3 13.4 13.2* 13.2 
B40 5.1 10.3 13.4 13.3 13.3 
B60 4.9 10.4 13.0 12.9 12.9 
B80 4.7 10.3 12.9 13.0 12.9 
B100 4.9 10.7 13.1* 13.1 13.1 
*Significantly different from the corrected brake power achieved by using DF500 at the 
same engine speed 
**Insufficient data to determine statistical difference 
 
 
Power achieved by each CSO biodiesel blend at a specific engine speed was compared 
to the power achieved by DF500 at the same engine speed.  Only two scenarios 
produced significantly less power at a particular load: B100 at 2990 rpm and B20 at 
2875 rpm.  The significance in the difference in power produced when using B20 at 
2875 rpm may be attributed to engine speed and load becoming unstable.  The peak 
corrected brake power produced tended to decrease as the percent of CSO biodiesel in 
the fuel blend increased, but the decrease was usually insignificant.  This is reasonable, 
since the energy content of biodiesel is lower than the energy content of farm diesel.   
 
Figure 6 illustrates the brake-specific fuel consumption for diesel, B5, abd B100.   
 39 
0
500
1000
1500
2000
2500
3000
3500
4000
2750 2800 2850 2900 2950 3000 3050 3100 3150 3200
Engine Speed, RPM
B
SF
C 
(g/
kW
-
h)
B100 DF500 B5 Poly. (B100) Poly. (B5) Poly. (DF500)
 
Figure 6.  Corrected BSFC using B5, B100, and diesel. 
 
At each speed interval, BSFC tended to increase as the percentage of biodiesel in the 
blend increased.  The corrected BSFC values for each fuel can be found in table 9.  The 
corrected BSFC for B100 was, on average, 19% higher than the corrected BSFC for 
DF500.  When using B5, the corrected BSFC was eight percent higher than when using 
DF500, on average.  The average corrected BSFC when using B20 was four percent 
lower than when using diesel fuel.  This was the only blend that produced an average 
decrease in corrected BSFC when compared to diesel.  
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Table 9.  Corrected brake-specific fuel consumption. 
 BSFC, g/kW-h (Corrected) 
DF 2699 1348 1159 1120 1133 
B5 2665 1421 1168 1357 1276 
B20 2522 1421 1155 1114 946 
B40 2945 1443 1147 1224 1195 
B60 2833 1364 1142 1180 1313 
B80 3601 1567 1305 1329* 1270 
B100 3606 1527 1307* 1405 1238 
*Significantly higher than DF500   
 
 
Corrected values for BSFC were found to be significantly different from that of DF500 
when using B100 at 2990 rpm and when using B80 at 2875 rpm.  .     
 
3.4 Summary 
Peak power produced when using cottonseed oil biodiesel blends failed to match the 
peak power produced when using farm diesel.  The peak power produced when using 
B100 was about five percent less than when using DF500.  This difference is less than 
the difference in heating value between CSO biodiesel and diesel fuel (seven percent).  
The difference in peak power was not usually significant, especially when using 
biodiesel blends of less than B40.  Likewise, the brake-specific fuel consumption tended 
to increase when using biodiesel blends, especially in blends with a high percentage of 
biodiesel, such as B80 and B100.  The increase in corrected BSFC when using B100 
ranged from nine percent at 2800 rpm to 34% at 3150 rpm.  These results agree with Lin 
et al. (2006) and Cetinkaya et al. (2005), who observed a moderate decrease in output 
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power when using biodiesel blends, and with Canakci and Van Gerpen (2001) who 
observed an increase in BSFC when using biodiesel blends. 
 
The data presented in this section provides support for using biodiesel as a supplemental 
fuel for non-road diesel engines.  When using small percentage fuel blends, such as B5 
and B20, peak power and BSFC are not significantly different from that of straight farm 
diesel.  This is in general agreement with Shaheed and Swain (1999), who observed no 
significant differences when using CSO biodiesel in a single cylinder 2.75 kW engine.  
Consumers that elect to use these blends can also take advantage of the lubricity of 
biodiesel.  By producing and using cottonseed oil biodiesel as a fuel supplement, the 
agricultural industry is provided an opportunity to utilize an agricultural byproduct, as 
well as acting as an agent in the push toward becoming less dependent on non-renewable 
energy sources 
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4. EXHAUST EMISSIONS 
 
It is important to have a thorough understanding of the emissions associated with 
alternative fuels, such as biodiesel.  The difference in the composition of diesel and 
biodiesel, and of different types of biodiesel, has an effect on the composition of exhaust 
emissions.  Understanding the exhaust emissions will help in determining the feasibility 
of using biodiesel as a diesel fuel supplement.  According to Lapuerta et al. (2007), the 
effect of biodiesel is specific for each type of pollutant and depends on engine type, 
operating conditions, and the origin and quality of biodiesel.  Pollutants of interest 
include NOx,, SO2, THC, CO, and PM.  Understanding the relationship between 
biodiesel blends and the emission of these pollutants will aid engine manufacturers in 
adapting engines for use with biodiesel blends (Lapuerta et al., 2007).   
 
The EPA finalized a two-step sulfur standard for non-road, locomotive, and marine 
(NRLM) diesel fuel.  The sulfur requirements under this standard are similar to those 
established for highway diesel fuel.  “Beginning June 1, 2007, refiners will be required 
to produce NRLM diesel fuel with a maximum sulfur content of 500 ppm.  Then, 
beginning June 1, 2010, the sulfur content will be reduced for non-road diesel fuel to 15 
ppm” (EPA, 2004).  Currently, farm diesel is only available in blends up to 15 ppm 
sulfur; marine vessels are allowed to use diesel with up to 500 ppm sulfur.  This standard 
will achieve considerable, cost-effective reductions of sulfate PM and SO2 emissions, 
which will provide substantial public health and environmental benefits which outweigh 
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the cost of meeting the standards necessary to achieve them.  The final sulfur standards 
will also allow high efficiency control technology to be applied to non-road engines, 
since sulfur can inhibit or impair the function of diesel exhaust emission control devices 
that will be necessary for non-road diesel engines to meet the finalized emission 
standards (EPA, 2004).   
 
According to the National Biodiesel Board (2006), biodiesel is a clean burning 
alternative fuel produced from domestic, renewable resources, such as plant oils or 
animal fats.  While bio-diesel contains no petroleum, it can be blended with petroleum 
diesel to create a fuel suitable for use in diesel engines.  Pure biodiesel is essentially free 
of sulfur compared to petroleum diesel. Biodiesel blends, consequently, contain less 
sulfur than petroleum diesel.  Since biodiesel is renewable and can be domestically 
produced, it is capable of strengthening United States energy security by reducing 
dependence on imported oil (Morris, 1993).   
 
A large amount of research has been carried out dealing with engines fueled by 
biodiesel, including biodiesel produced from soybean, sunflower, and rapeseed oil.  
However, there is limited data regarding biodiesel produced from cottonseed oil.  With 
the large amount of cotton produced in the United States, and the growing need for 
utilizing agricultural byproducts, it is important to investigate the effects on exhaust 
emissions when using biodiesel from cottonseed oil.   
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4.1 Objective 
The overall objective of the research discussed in this section was to gain a better 
understanding of cottonseed oil biodiesel by determining the relationship between 
pollutant concentrations in diesel engine exhaust and the percentage of cottonseed oil 
biodiesel in fuel blends.  Specific objectives of this research are as follows:   
• To evaluate the effect of using cottonseed oil biodiesel and biodiesel blends on 
the emissions of CO, CO2. THC, NOx, and SO2; 
• To compare emissions from diesel and cottonseed oil biodiesel and biodiesel 
blends; and 
• To compare results with published standards and regulations. 
 
4.2 Experimental Method 
Exhaust emissions were measured for a three-cylinder 14.2 kW (19 hp) Yanmar 3009D 
diesel engine (John Deere Power Systems, Waterloo, IA)  fueled using various blends of 
CSO biodiesel.  These measurements were conducted in two manners: concurrent with 
performance tests and exclusive of performance tests.  For both manners of testing, 
emissions were measured with an ENERAC 3000E (Enerac, Inc., Westbury, NY), which 
measures CO2, and THC concentrations using nondispersive infrared (+/- 5% accuracy) 
sensors.  High sensitivity, wide range electrochemical SEM sensors (+/- 2% accuracy) 
were used by the ENERAC 3000E to measure CO, NOx, and SO2. 
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The first emissions tests were run concurrently with performance tests.  The CSO 
biodiesel used during these tests was purchased from Safe Renewable Fuels, Inc.  The 
blends analyzed during these tests are listed below: 
• DF500; 
• B5/DF500; 
• B20/DF500; 
• B40/DF500; 
• B60/DF500; 
• B80/DF500; and 
• B100. 
Emissions tests were also conducted exclusive of performance tests.  The CSO biodiesel 
used during these tests came from two sources: Safe Renewable Fuels, Inc. and the Food 
& Protein Research & Development Center at Texas A&M University.  For the purpose 
of this paper, biodiesel blends comprised of CSO biodiesel from the Food & Protein 
Research & Development Center will be referred to with “FP” placed before the blend 
name.  The blends analyzed during these tests are listed below: 
• FPB10/DF500; 
• FPB20/DF500; 
• B5/DF15; 
• B20/DF15; and 
• B50/DF15. 
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During the emissions tests concurrent with performance tests, engine exhaust emission 
measurements were collected at three even increments during each performance test for 
each fuel blend at each load.  These three measurements for each pollutant were 
averaged using a simple arithmetic mean to represent the pollutant exhaust concentration 
for that specific fuel blend at that specific load during a specific test.  The load intervals 
for each test were based on targeted engine speeds.  Details on the performance testing 
method can be found in Section 3.   
 
Exhaust concentrations for NOx, SO2, CO, and THC were measured in units of ppm, 
while CO2 was measured in percentage.  Carbon dioxide concentrations were converted 
to ppm by multiplying the concentration of CO2 (%) by 104.  In order to compare these 
emissions to the non-road diesel engine emission standards set forth by EPA, the 
measurements were converted to grams per kilowatt-hour, or g/kW-h.  In order to 
convert from ppm to g/kW-h, the ratio between exhaust and fuel was required; the 
exhaust-to-fuel ratio, or EFR, is defined as the mass of exhaust produced per unit mass 
of fuel combusted.  The EFR for CSO biodiesel and petroleum diesel were calculated 
based on assumed combustion equations.  Ten percent excess air was assumed to be 
available during combustion.   
 
During transesterification, oils are mixed with a methanol and sodium hydroxide and 
heated in order to produce methyl esters, or biodiesel.  Emissions produced when using 
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biodiesel are dependent upon the composition of biodiesel feedstock.  Table 10 below 
lists common edible fats and oils and their associated fatty acid compositions: 
 
Table 10.  Percent weight of total fatty acids in common fats and oils (Stauffer, 1996). 
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According to the National Cottonseed Products Association (2002), cottonseed oil is 
composed, primarily, of palmitic acid (C18H36O2), oleic acid (C20H38O2), and linoleic 
acid (C20H36O2).  The primary methyl esters found in CSO biodiesel, therefore, are 
C18H36O2(OCH3), C20H38O2(OCH3), and C20H36O2(OCH3).    The equation below was 
used for stoichiometric combustion of CSO biodiesel:  Palmitic acid, and fatty acids with 
similar molecular weights, make up about 25.6% of the fatty acids of cottonseed oil.  
Oleic and linoleic acids, and fatty acids with similar molecular weights, make up about 
19.4% and 55% of cottonseed oil biodiesel. 
[ ]
222
22323620323820323618
44.10870.1949.20                                    
76.384.28)(55.0)(194.0)(256.0
NOHCO
NOOCHOHCOCHOHCOCHOHC
++→
++++
 
From this equation, the stoichiometric air-to-fuel ratio (AFR) was determined as follows: 
fuel
air
m
m
AFR =    (6) 
Where,  
AFR = air-to-fuel ratio, g air/g fuel 
mair = mass of air present during combustion, g 
mfuel = mass of fuel combusted, g. 
 
EFR was calculated using equation 8: 
fuel
fuelair
m
mm
EFR
+×
=
1.1
   (7) 
Where, 
EFR = exhaust-to-fuel ratio, g exhaust/g fuel. 
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For calculating EFR, it is assumed that 10% excess air is present during combustion, and 
that the mass of fuel and air present during combustion equals the mass of exhaust 
leaving the engine.  According to Weathers (1981), diesel engines intake as much as 
25% excess air at full throttle.  The EFR for CSO biodiesel was found to be 15.94 g 
exhaust/g fuel.  The assumed stoichiometric equation for combustion of petroleum diesel 
is shown below; sulfur content was not taken into account when determining EFR for 
petroleum diesel. 
[ ] 222222612 56.69131276.35.18 NOHCONOHC ++→++  
The EFR for diesel was found to be 17.43 g exhaust/ g fuel.  EFR for biodiesel blends 
can be determined using a weighted average of the EFR for CSO biodiesel and diesel, 
based on the percentage of biodiesel in each blend.  Table 11 below lists the EFR for 
each fuel blend used for converting concentration units from ppm to g/kW-h: 
 
Table 11. Exhaust-to-fuel ratios. 
Blend EFR [g exhaust/ g fuel] 
DF500 17.43 
B5 17.36 
B20 17.13 
B40 16.83 
B60 16.54 
B80 16.24 
B100 15.94 
 
 
Equation 8 was used to convert pollutant concentrations from ppm to g/kW-h, assuming 
100% fuel combustion. 
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BSFCEFRCC
exhaust
tpollu
ppm ×××=′ ρ
ρ tan
   (8) 
Where,  
C’ = concentration, g pollutant/kW-h 
Cppm = concentration, ppm 
pollutant = density of pollutant (g/L) 
exhaust = density of exhaust (g/L) 
EFR = exhuast-to-fuel ratio, g air/ g fuel 
BSFC = brake-specific fuel consumption, corrected for dry air, g fuel/kW-h. 
 
Table 12 below lists the densities for the compounds measured.  The density of exhaust 
was assumed to be 1.18 g/L. 
 
Table 12. Exhaust pollutant densities. 
Compound Density (g/L) 
CO 1.14 
CO2 1.8 
THC (as propane) 1.8 
NOx (as NO2) 1.88 
SO2 2.62 
 
 
Exhaust pollutant concentrations were compared using a t-test with a confidence interval 
of 0.95.  These tests were used to determine whether or not there was a significant 
difference between exhaust pollutant concentrations measured when using biodiesel 
blends and when using DF500.   
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During the second set of tests, exclusive from performance tests, exhaust emissions were 
measured for each fuel blend at three pre-determined engine loads.  For each fuel blend, 
the engine was started and allowed to warm up at half-throttle and an engine load of 
approximately 10.8 N-m (eight ft-lb).  After a few minutes, throttle was increased until 
the engine reached WOT.  Engine load was then increased to about 16.3 N-m (12 ft-lb), 
and the engine was allowed to run until engine speed and torque measurements were 
stabilized for two minutes.  Once the measurements had stabilized, exhaust emissions 
measurements were collected.  Once measurements were taken, the engine load was 
increased to approximately 32.5 N-m (24 ft-lb), and then to about 40.7 N-m (30 ft-lb) for 
exhaust emissions measurements.  The concentrations measured were averaged using a 
simple arithmetic mean in order to provide a representative set of measurements for each 
blend at each load.  Similarly to the performance tests, the engine was loaded for testing 
with a water-cooled eddy current absorption dynamometer rated at 30 hp, manufactured 
by Pohl  Associates, Inc., Hatfield, PA.  Dynamometer load was controlled using a 
Dynamatic® EC 2000 controller (Drive Source International, Inc., Sturtevant, WI.).  
Engine speed and torque data were collected using LabView 8.0.  This second method of 
testing compared CSO biodiesel from two sources, as mentioned previously.   
 
4.3 Results 
Figure 7 below shows the corrected emissions for carbon monoxide resulting from the 
emission tests conducted concurrent with performance tests when using B5, B20, B100, 
and diesel. 
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Figure 7.  CO emissions using DF, B5, B20, B100. 
 
Carbon monoxide concentrations decreased by 12 and 19% when using B20 and B100, 
respectively, when compared to diesel fuel.  However, CO concentrations increased by 
an average of 15% when using B5.  In general, CO concentrations tended to decrease as 
the percentage of CSO biodiesel in the fuel blend increases.  The decrease is generally 
significant in blends of B60 and greater.  These results are in agreement with 
Schumacher et al. (2001), who found that CO emissions decreased as biodiesel 
percentage in fuel blends increased. 
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Exhaust concentrations of CO2 found during the first set of tests can be found below in 
figure 8. 
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Figure 8. CO2 emissions using DF, B5, B20, B100. 
 
The results for the first set of tests show that, at 3150 rpm, CO2 emissions increased as 
the percentage of CSO biodiesel increased; no definitive trend was found at other 
speeds.   
 
Figure 9 below illustrates THC emissions found using diesel, B20, and B100 during the 
first set of tests. 
 54 
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
2750 2800 2850 2900 2950 3000 3050 3100 3150 3200
Engine Speed, rpm
TH
C 
Co
n
ce
n
tr
at
io
n
, 
g/
kW
-
h
DF500 B20 B100 Poly. (DF500) Poly. (B20) Poly. (B100)
 
Figure 9.  THC emissions using DF, B20, B100. 
 
As expected, hydrocarbon emissions tended to decrease as the percentage of CSO 
biodiesel in the fuel blends increased.  This decrease was significant in blends 80 percent 
or greater at speeds of 3065 rpm and 3150 rpm.  When using B20, THC concentrations 
decreased by 14% when compared to DF500, while using B100 resulted in a 26% 
decrease.  These results were similar to those observed by Krahl et al. (2005), who found 
that THC was significantly decreased when using biodiesel. 
 
Figure 10 below displays NOx emissions obtained during the first set of tests. 
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Figure 10.  NOx emissions using diesel, B5, B20, and B100. 
 
On average, NOx emissions decreased by four percent when using B5, and by five 
percent when using B20 as compared to diesel.  When using B100, NOx emissions 
decreased by 14%.  Graboski and McCormick (1998) found that NOx emissions 
increased when using biodiesel at full loads.  According to Capareda (Personal 
communication, 2007) recent studies have shown a relationship between unsaturation of 
biodiesel feedstock oils and NOxemissions.  Many of the previous emissions tests, such 
as those conducted by Graboski and McCormick (1998), were performed using soybean 
oil, which has an unsaturated to saturated fatty acid ratio of 5.7.  Cottonseed oil has an 
unsaturated to saturated fatty acid ratio of 2.8.  This difference in unsaturated fatty acid 
composition could factor into the decrease in NOx emissions when using CSO B100. 
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Figure 11 below displays sulfur dioxide emissions obtained during the first set of tests 
when using diesel, B5. B20, and B100. 
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Figure 11.  SO2 emissions using diesel, B5, B20, and B100. 
 
Sulfur dioxide emissions decreased as the percentage of CSO biodiesel in the fuel blends 
increased.  The decrease in SO2 emissions was consistently significant in CSO biodiesel 
blends of B20 and greater.  The decrease in SO2 concentrations ranged from two percent 
when using B5 to 86% when using B100.  Given the decrease in fuel sulfur 
concentration, the decrease in SO2 emissions was expected.   
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Exhaust emissions for CO, THC, NOx, and SO2 were also converted to units of grams 
per mile (g/mi), which are the standard units for on-road vehicles.  Tables 13 through 16 
below list emissions for DF500, B5, and B100. 
 
Table 13.  Carbon monoxide emissions (g/mi). 
CO (g/mi) 3150 3065 2990 2885 2800 
DF500 158 99 191 202 253 
B5 144 111 223 293 277 
B100 120 94 148 138 145 
 
 
Table 14.  Hydrocarbon emissions (g/mi). 
THC (g/mi) 3150 3065 2990 2885 2800 
DF500 193 99 91 92 95 
B5 1027 312 182 175 61 
B100 92 57 62 82 76 
 
 
Table 15.  NOx emissions (g/mi). 
NOx (g/mi) 3150 3065 2990 2885 2800 
DF500 944 618 456 385 370 
B5 938 587 405 400 346 
B100 912 420 347 330 268 
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Table 16.  SO2 emissions (g/mi). 
SO2 (g/mi) 3150 3065 2990 2885 2800 
DF500 304 224 322 297 303 
B5 284 225 288 309 298 
B100 65 27 34 35 31 
 
 
Emissions of CO, THC, NOx, and SO2 per mile tended to decrease when using CSO 
biodiesel blends.   
 
The second set of tests was conducted exclusive of performance tests.  As in the first 
tests, CO, THC, NOx, and SO2 were measured in ppm, while CO2 was measured in 
percent.  During these tests, fuel consumption was not monitored.  In order to convert 
the measured units to g/kW-h, BSFC had to be assumed.  Corrected BSFC for B100 and 
DF500, which was determined during the first set of tests, was used to approximate the 
BSFC for each fuel blend using a weighted average. Emissions for each blend were 
compared to emissions when using DF500 during the first set of tests.  
 
Tables 17 through 19 show the emissions for each fuel blend at each targeted load. 
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Table 17.  Exhaust emissions at 16.3 N-m (12 ft-lb). 
16.3 N-m FPB10*** FPB20*** B5/DF15 B20/DF15 B50/DF15 DF500** 
CO g/kW-h 3.0 3.1 2.9 2.8 3.0 3.6 
CO2 g/kW-h 3653.7 3789.7 3488.7 3664.2 4013.1 3892.5 
THC g/kW-h 3.9 3.9 3.8 3.9 4.2 4.4 
NOx g/kW-h 18.0 18.5 16.2 16.8 18.5 21.3 
SO2 g/kW-h 2.5 2.8 1.4 0.8 0.9 6.8 
*Significantly different from DF500. 
**DF500 results were obtained from results during the first set of tests. 
***CSO biodiesel from Food & Protein Research Department blended with DF500. 
 
 
Table 18.  Exhaust emissions at 32.5 N-m (24 ft-lb). 
32.5 N-m FPB10*** FPB20*** B5/DF15 B20/DF15 B50/DF15 DF500** 
CO g/kW-h 1.6 1.5 1.7 1.6 1.8 2.2 
CO2 g/kW-h 2424.4 2434.7 2406.9 2410.6 2402.5 2735.8 
THC g/kW-h 1.9 1.9 1.9 1.9 2.0 2.2 
NOx g/kW-h 11.3 11.2 10.2 10.1 10.2 13.9 
SO2 g/kW-h 2.1 1.8 0.4 0.3 0.2 5.1 
*Significantly different from DF500. 
**DF500 results were obtained from results during the first set of tests. 
***CSO biodiesel from Food & Protein Research Department blended with DF500. 
 
 
Table 19.  Exhaust emissions at 40.7 N-m (30 ft-lb). 
40.7 N-m FPB10*** FPB20*** B5/DF15 B20/DF15 B50/DF15 DF500** 
CO g/kW-h 2.2 1.8 1.7 1.8 2.2 4.3 
CO2 g/kW-h 2547.6 2536.5 2408.6 2608.9 2604.7 3297.3 
THC g/kW-h 1.7 1.7 1.6 1.7 1.9 2.1 
NOx g/kW-h 9.4 9.5 8.7 8.8 8.7 10.3 
SO2 g/kW-h 2.6 1.9 0.2 0.3 0.3 7.3 
*Significantly different from DF500. 
**DF500 results were obtained from results during the first set of tests. 
***CSO biodiesel from Food & Protein Research Department blended with DF500. 
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At each load, emissions for CO, CO2, THC, NOx, and SO2 tended to be lower with CSO 
biodiesel blends than with DF500.  Sulfur dioxide concentrations were lowest when 
CSO biodiesel was blended with DF15; using B50/DF15 resulted in a 94% decrease in 
SO2 concentrations when compared to DF500 at medium and high loads.  Nitrogen 
oxide emissions were lower for biodiesel blends than for DF500 throughout.  On 
average, using a 20% CSO biodiesel blend with ultra-low sulfur diesel (DF15) resulted 
in a 21% decrease in NOx emissions when compared to DF500.   
   
4.4 Summary 
Carbon monoxide emissions tended to decrease as the percentage of CSO biodiesel 
increased.  The EPA standards for CO emissions from a stationary and mobile non-road 
diesel engine were exceeded when using a CSO biodiesel blend of B5 at an engine speed 
of approximately 2875 rpm.  The CO emissions standards were not exceeded with any 
other fuel blend at any other speed.   
 
Total hydrocarbon emissions decreased as the percentage of CSO biodiesel increased.  
The decrease in THC concentrations was generally significant in blends of B60 and 
greater.  Hydrocarbon concentrations decreased by 26% when using B100 as compared 
to DF500. 
 
On average, NOx emissions decreased when using blends of B5, B20, B60, B80, and 
B100 when compared to DF500.  On average, NOx emissions were equal when using 
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B40.    EPA standards for NOx emissions alone are not applicable for diesel engines 
rated between eight and 19 kW.  However, the standard for NMHC +NOx was 
consistently exceeded when using biodiesel blends, pure biodiesel, and farm diesel. 
 
Sulfur dioxide concentrations decreased as the percentage of CSO biodiesel increased.  
This decrease tended to be significant in blends greater than five percent.  The decrease 
in SOs emissions was especially noticeable with ultra-low sulfur diesel (DF15).  During 
the first tests, SO2 emissions were decreased by an average of 86% when using B100; 
when using B50/DF15 during the second tests, SO2 emissions were decreased by 96% at 
medium and high loads.  These results are reasonable, considering the decrease in fuel 
sulfur content when blending diesel fuel with CSO biodiesel.  
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5. SUMMARY 
 
The objective of this section is to provide an overview of the results presented in this 
manuscript.  The observations made when dealing with engine performance, exhaust 
emissions, and the effect on regulations support the utilization of cottonseed oil biodiesel 
as a fuel supplement.   
 
Carbon monoxide emissions decreased as the percentage of CSO biodiesel in fuel blends 
increased, with the exception of using B5.  Carbon monoxide emissions increased by an 
average of 15% when using B5, with the largest increases observed at speeds of 2990 
rpm and lower.  When using pure CSO biodiesel, CO concentrations decreased by 19%, 
on average.  This decrease in CO emissions is beneficial to areas in Texas and around 
the nation that are non-attainment for CO.  Carbon monoxide emissions also decreased 
when using CSO biodiesel blended with DF15.  The CO emissions measured were lower 
than the Tier 1 EPA emissions standard for both mobile and stationary diesel engines.  
This data supports those who wish to convert diesel engines to become compatible with 
alternative fuels.  Manufacturers can also be confident that non-road diesel engines will 
maintain low CO emissions if alternative fuels are used. 
 
Carbon dioxide emissions did not maintain any specific trend.  It is important to note 
that CO2 levels did not significantly increase throughout the tests.  Cottonseed oil 
biodiesel, as well as other types of biodiesel, can be consumed without significantly 
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increasing CO2 emissions.  Carbon dioxide, a greenhouse gas, is currently not considered 
a pollutant, and is therefore not regulated.  However, it is possible that in the future, 
regulations will be placed upon greenhouse gases.   
 
As the percentage of CSO biodiesel in fuel blends increased, the concentration of THC 
in the exhaust decreased. Hydrocarbon emissions decreased by 14% using B5 and by 
26% using B100, as compared to farm diesel. Emissions of THC also decreased when 
using CSO biodiesel blended with ultra-low sulfur. This decrease is important to public 
health and welfare since hydrocarbons are considered by some to possibly be 
carcinogenic.  The decrease in hydrocarbons will be a factor in determining whether or 
not the standard for NMHC + NOx is exceeded when using biodiesel blends.  During 
these tests, the Tier 1 standard for NMHC + NOx was exceeded.   
 
Sulfur dioxide emissions were significantly reduced when CSO biodiesel blends were 
used.  Cottonseed oil biodiesel, which is essentially sulfur-free, can be used as a fuel 
additive for lubrication purposes, while maintaining low sulfur concentrations in fuels.  
Secondary effects of reducing SO2 emissions include a decrease in the production of 
sulfate particles.  Sulfate particles are believed by the EPA to contribute to particulate 
matter in the air, specifically PM2.5.   Emissions of SO2 were reduced by 14% using B5 
and by 86% using B100, when being compared to DF500.  A blend on B50/DF15 
produced 94% less SO2 than DF500. 
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Nitrogen oxide emissions usually decreased when using cottonseed oil biodiesel blends 
as compared to farm diesel.  With B5, NOx emissions decreased by four percent, while 
B20 and B100 resulted in five and 20% decreases in NOx, as compared to DF500.  This 
decrease in NOx emissions may be attributed to the relatively low unsaturated-to-
saturated fatty acid ratio of cottonseed oil biodiesel.  More tests should be conducted in 
order to better gauge the effects of CSO biodiesel, as well as other types of biodiesel, on 
NOx emissions.  Tests should be conducted with the same engine as has been tested, as 
well as with other diesel engines.  Methods of reducing NOx emissions, such as retarding 
injection timing, utilizing exhaust gas recirculation (EGR), and water emulsification, 
should be further researched.  If it can be shown that a certain type of biodiesel does not 
significantly increase NOx emissions when blended with diesel fuel, then there will be an 
opportunity to produce B20 that meets TxLED fuel specifications.   
 
Cottonseed oil biodiesel, while being environmentally friendly, may also be a sensible 
alternative to petroleum diesel.  Although cottonseed oil biodiesel blends failed to match 
the peak power produced when using farm diesel, the difference in peak power was 
insignificant with blends of less than 40 percent.  Peak brake power produced decreased 
by about one percent using B5, three percent using B20, and five percent using B100 as 
compared to petroleum diesel.  The difference in peak power produced can be explained 
by the lower energy content of CSO biodiesel than petroleum diesel, however the 
percent difference in peak power was less than the percent difference in fuel energy 
content (eight percent).  Generally, intermediate power levels were met when using CSO 
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biodiesel blends.  At a blend of B5, brake-specific fuel consumption decreased by an 
average of four percent when compared to DF500.  All other CSO biodiesel blends 
resulted in an increase of BSFC, with a 19% increase in BSFC being observed when 
using B100.  These results demonstrate the feasibility of using cottonseed oil biodiesel, 
as well as other types of biodiesel, as a fuel additive or supplement in non-road diesel 
engines.   
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Procedure for Performance Testing, Concurrent with Emissions Testing 
 
1. Start the engine and increase throttle to half throttle.  Apply a load of about 8 ft-
lb with the Dynamatic controller; 
2. Once the engine is warm, increase the throttle to a wide-open position, and allow 
to run for about 2 minutes; 
3. Set the dynamometer to the maximum load that allows the engine to maintain 
about 3150 rpm; 
4. Let the measurements stabilize for at least 2 minutes; 
5. Collect speed, torque, and power readings be using the “print screen” key on the 
computer (do this twice with about 5-10 second between readings); 
6. Collect emissions data (at this point, hit “Text” on the Enerac 3000E); 
7. Measure fuel flow by observing the Scope Meter hooked up to the fuel flow 
meter (5 observations); 
8. Collect emissions data; 
9. Collect speed, torque, and power readings be using the “print screen” key on the 
computer (do this twice with about 5-10 second between readings); 
10. Measure return fuel flow with a graduated cylinder and a stopwatch by 
measuring the amount of time it takes to collect 50 mL of fuel from the return 
line; 
11. Collect emissions data; 
12. Collect speed, torque, and power readings be using the “print screen” key on the 
computer (do this twice with about 5-10 second between readings); 
13. Increase the load so that the next speed interval is maintained; 
14. Speed intervals measured are 3150, 3065, 2990, 2875, and 2800 rpm. 
 
This set of tests was performed 3 times for each fuel blend, in 3 randomized blocks. 
 
 
Emissions Testing Procedure, Exclusive from Performance Testing 
 
15. Start the engine and increase throttle to half throttle.  Apply a load of about 8 ft-
lb with the Dynamatic controller; 
16. Once the engine is warm, increase the throttle to a wide-open position, and allow 
to run for about 2 minutes; 
17. Set the dynamometer to a load of 12 ft-lb; 
18. Let the engine run for 2 minutes so that the engine can stabilize and the 
measurement/output time lag can pass; 
19. Print screen 3 times with 5-10 seconds between each; 
20. Collect emissions data (at this point, hit “Text” on the Enerac 3000E); 
21. Repeat these tests for loads of 24 and 30 ft-lb. 
 
This set of tests was performed 3 times for each fuel blend, in 3 randomized blocks.   
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APPENDIX B 
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Appendix B contains the complete set of emissions observed during tests concurrent 
with performance tests. 
 
Table C-1.  Carbon Monoxide Concentrations. 
CO (g/kW-h) 3150 3065 2990 2885 2800 
DF500 3.56 2.24 4.30 4.55 5.71 
B5 3.26 2.51 5.05 6.62 6.26 
B20 3.32 2.20 4.21 4.30 3.09 
B40 2.95 2.31 4.02 4.21 4.59 
B60 5.07 2.65 3.32 3.53 4.03 
B80 3.01 2.17 3.47 3.02 3.24 
B100 2.93 2.30 3.62 3.38 3.55 
 
Table C-2.  Carbon Dioxide Concentrations. 
CO2 (g/kW-h) 3150 3065 2990 2885 2800 
DF500 3891.71 2735.70 3297.91 3051.78 3114.91 
B5 3964.30 2840.63 3273.07 3508.65 3323.61 
B20 3756.42 2827.06 3198.61 2933.76 2405.87 
B40 3931.47 2700.98 3092.35 3188.74 3060.11 
B60 4347.64 2816.68 3064.55 2991.44 3367.57 
B80 4905.74 2917.33 3350.51 3205.60 2999.37 
B100 4779.25 2754.36 3230.53 3261.47 2785.38 
 
Table C-3.  Total Hydrocarbon Concentrations. 
THC (g/kW-h) 3150 3065 2990 2885 2800 
DF500 4.35 2.24 2.05 2.07 2.14 
B5 23.24 7.07 4.13 3.97 1.39 
B20 3.79 2.14 1.90 1.86 1.43 
B40 4.17 2.34 2.16 2.50 2.55 
B60 3.42 1.63 1.48 1.51 1.77 
B80 2.33 1.46 1.48 1.73 1.71 
B100 2.25 1.39 1.53 2.00 1.86 
 
Table C-4.  Nitrogen Oxide Concentrations. 
NOx (g/kW-h) 3150 3065 2990 2885 2800 
DF500 21.27 13.92 10.28 8.67 8.35 
B5 21.22 13.29 9.16 9.05 7.83 
B20 21.36 14.09 10.04 8.28 6.81 
B40 22.12 13.14 9.67 9.19 8.28 
B60 21.90 11.50 8.82 7.81 8.24 
B80 24.96 12.01 9.58 8.66 7.58 
B100 22.28 10.26 8.48 8.07 6.55 
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Table C-5.  Sulfur Dioxide Concentrations. 
SO2 (g/kW-h) 3150 3065 2990 2885 2800 
DF500 6.85 5.05 7.25 6.70 6.82 
B5 6.44 5.09 6.53 7.00 6.74 
B20 4.75 3.92 5.23 4.78 3.81 
B40 3.80 2.86 3.86 3.91 3.90 
B60 3.62 2.40 2.91 2.90 3.31 
B80 2.42 1.50 1.98 1.89 1.72 
B100 1.60 0.65 0.83 0.85 0.75 
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